In detoxification and fermentation processes, acylating dehydrogenases catalyze the reversible oxidation of aldehydes to their corresponding acyl-CoA esters. Here, we characterize an enzyme from Aquincola tertiaricarbonis L108 responsible for prenal (3-methyl-2-butenal) to 3-methylcrotonyl-CoA oxidation. Enzyme kinetics demonstrate a preference for C5 substrates not yet observed in aldehyde dehydrogenases. Compared to acetaldehyde and acetyl-CoA, conversion of valeraldehyde and valeryl-CoA is > 100-and 8-fold more efficient, respectively. Enzyme variants with A254I, A254P, and A254G mutations indicate that active site Ala preceding the catalytic C255 is crucial for this unique specificity. These results shed new light on evolutionary adaptation of aldehyde dehydrogenases toward xenobiotics and structure-guided design of highly specific enzymes for production of biofuels, such as linear or iso-branched butanols and pentanols.
Aldehydes can be enzymatically oxidized to their corresponding carboxylic acids or energy-rich acylated compounds, e.g., to acyl-CoA thioesters [1] . When NAD(P) + is used as electron acceptor, the oxidation to the free acid is irreversible, whereas the CoA-acylating aldehyde dehydrogenases (EC 1.2.1.10) also catalyze the reduction of acyl-CoA esters to the corresponding aldehydes (Fig. 1) . Prominent examples are dehydrogenases employed in microbial ethanolamine and 1,2-propanediol utilizing (Eut and Pdu, respectively) pathways for detoxification of acetaldehyde and propionaldehyde [2] . Recently, crystal structures for representatives of both pathways, i.e., EutE [3] and PduP [4, 5] , have been elucidated indicating that the reaction center may accommodate linear aldehydes with chain lengths of up to 10 carbon atoms [4] . However, kinetic parameters of EutE and PduP enzymes revealed a preference for their natural C2 and C3 substrates (Table S2) . A divergent specificity is expected from the aldehyde dehydrogenase involved in degradation of the fuel oxygenate intermediate tertamyl alcohol (TAA) in the bacteria Aquincola tertiaricarbonis and Methylibium petroleiphilum [6] . This enzyme would be responsible for oxidation of the Abbreviations AHT, anhydrotetracycline; At, Aquincola tertiaricarbonis; Eut, ethanolamine utilizing; Gt, Geobacillus thermoglucosidasius; Lm, Listeria monocytogenes; Lp, Lachnoclostridium phytofermentans; OD, optical density; PDB, Protein Data Bank; PDH, CoA-acylating prenal dehydrogenase; Pdu, 1,2-propanediol utilizing; RMSD, root-mean-square deviation; Rp, Rhodopseudomonas palustris; TAA, tert-amyl alcohol.
branched and unsaturated C5 aldehyde prenal to 3-methylcrotonyl-CoA (Fig. 2) .
The reverse reaction, the reduction of acyl-CoAs to aldehydes, is used natively in multiple fermentation processes. Here, EutE/PduP-like enzymes in combination with alcohol dehydrogenases catalyze the two-step reduction of acetyl-and butyryl-CoA to ethanol and 1-butanol, respectively [7] . In addition, fusions of both dehydrogenases, with N-terminal aldehyde and Cterminal alcohol dehydrogenase domains, are known, e.g., alcohol-aldehyde dehydrogenase AdhE in Escherichia coli [8] . Lately, this alcoholic fermentation has attracted substantial attention driven by the need for a sustainable production of fuels. In particular, natural as well as engineered microbial systems have been tested for the synthesis of C4 and higher alcohols [9, 10] , which possess superior fuel properties compared to ethanol. In this connection, it has been pointed out that high specificity for the target chain length may be crucial to obtain high C4 yields [11] . However, the aldehyde dehydrogenases kinetically characterized thus far do not show a sufficient selectivity, resulting in production of large quantities of unwanted ethanol besides higher alcohols. With the most promising enzymes studied for butanol production, catalytic efficiency k cat /K m ratios for butyryl-versus acetyl-CoA reduction of about 5-15 have been obtained [11, 12] which is still not sufficiently specific according to reaction kinetic models [11] . Considering the structures of the hemiterpenes prenol and prenal (Fig. 2) , dehydrogenases involved in the TAA pathway may show adaptations toward bulkier substrates, and thus, higher specificity for relevant fermentation metabolites, e.g., valeryl-CoA and valeraldehyde for the production of 1-pentanol.
In the present study, we characterize Aquincola tertiaricarbonis CoA-acylating prenal dehydrogenase (AtPDH). Besides prenal, the enzyme also catalyzes oxidation of linear C2 to C6 aldehydes. Compared to acetaldehyde, catalytic efficiency for prenal and valeraldehyde is 11-and 113-fold higher, respectively. This preference for the linear C5 substrate was also observed for the reverse reaction, although less pronounced. Residue A254 seems to be mainly responsible for the capability to use prenal, as A254I, A254P, and A254G mutations causes a substantial decrease in catalytic efficiency for this substrate. Valeraldehyde, however, remains the favored substrate, indicating that also other residues contribute to the enzyme's remarkable preference for this C5 aldehyde.
Material and methods

Chemicals, bacterial strains, and growth media
All chemicals were at least of analytical grade (Th. Geyer, Germany). Acyl-CoAs were synthesized from symmetric anhydrides [13, 14] . Cultures of E. coli Top10 (IBA, G€ ottingen, Germany) were grown at 30°C in lysogeny broth containing 100 mgÁL À1 of ampicillin for plasmid selection. Aquincola tertiaricarbonis L108 [15] was routinely cultivated at 30°C in mineral salt medium [16] supplemented with 300 mgÁL À1 methyl tert-butyl ether. Bacterial growth was monitored by measuring optical density (OD) at indicated wavelength.
Proteome analysis
Strain L108 was grown on either 500 mgÁL À1 of 2-methyl-3-buten-2-ol or tert-butyl alcohol in mineral salt medium at 30°C and 175 r.p.m. The initial OD 700 nm was 0.05. After growth to OD 700 nm 0.5, cells were harvested by centrifugation for 10 min at 4°C and 5000 g and stored at À20°C. Proteome analyses were performed as described previously [17] with a minimum of five replicates for each treatment. LC-MS spectra were searched using the Proteome Discoverer (Thermo Fisher Scientific, v1.4, San Jose, CA, USA) against the M. petroleiphilum PM1 database (UniProt ID: UP000000366). Search settings were: Sequest HT search engine, trypsin (full specific), MS tolerance 10 p.p.m., MS/ MS tolerance 0.02 Da, two missed cleavage sides, dynamic modifications oxidation (Met), static modifications carbamidomethylation (Cys). Only peptides that passed the FDR thresholds set in the Percolator node of < 1% FDR q value, and were rank 1 peptides, were considered for protein identification. Label-free quantification was done using the Top-3 peptide areas for approach which were log10-transformed and median normalized.
Cloning, heterologous expression, and purification of AtPDH Cells were harvested by centrifugation (10 min at 4°C and 3000 g) and mechanically disrupted [13] in assay buffer (50 mM phosphate, 50 mM Tris/HCl, 20% glycerol, 1 mM DTT, pH 7.8). Recombinant AtPDHs were purified with help of their N-terminal 6xHis tag using Ni-nitrilotriacetic acid column (IBA) according to the manufacturer's protocol adding 20% glycerol and 1 mM DTT to purification buffers. To reduce imidazole concentration to about 3 mM, volumes of AtPDH preparations were reduced 10-fold (30 kDa VivaSpin columns; Sartorius, Go¨ttingen, Germany) and then diluted to 1 mgÁmL À1 with assay buffer.
Protein concentration was determined in triplicate using Bradford reagent (Merck, Darmstadt, Germany) and serum albumin as standard. Expression and purification were analyzed via SDS/PAGE (Fig. S1 ).
Enzyme assays
Rates of aldehyde oxidation as well as acyl-CoA reduction were determined photometrically measuring changes in NADH at 340 nm with an absorption coefficient of Proposed TAA degradation pathway in the bacterial strains Aquincola tertiaricarbonis L108 and Methylibium petroleiphilum PM1. The initial desaturase reaction is catalyzed by the nonheme mononuclear iron enzyme MdpJK [6] . The subsequent isomerase and dehydrogenase steps for conversion of hemiterpenes 2-methyl-3-buten-2-ol, prenol, and prenal have not yet been characterized biochemically. Due to similar molecule sizes of the intermediates in the TAA degradation and a possible 1-pentanol synthesis route (highlighted in red), the NAD + -dependent prenol and CoA-acylating prenal dehydrogenases might be highly specific for C5 substrates and, thus, could be employed for an efficient biotechnological production of the linear alcohol. Fig. S2C) . As NADH concentrations > 1 mM were inhibitory under these conditions, kinetics for acyl-CoAs were determined applying 0.625 mM of this cofactor. Parameters from at least three independent experiments were calculated by nonlinear regression analysis using the Michaelis-Menten equation and GRAPHPAD Prism (GraphPad Software, La Jolla, CA, USA). Datasets for these assays are available at https://doi.org/10. 6084/m9.figshare.5863842. Error values for k cat /K m were calculated by propagation of error from the individual parameters.
Production of 1-pentanol
After 3 h of AHT-induced expression of WT AtPDH in the transformed E. coli Top10 strain as described above, 4.8 mM valeric acid was added to the medium. Culture samples for quantification of valeric acid concentrations were centrifuged for 10 min at 13 000 g and the supernatant was used undiluted for analysis employing an HPLC system (Shimadzu, Kyoto, Japan) equipped with a Hi-Plex H column (300 9 7.7 mm; Agilent, Santa Clara, CA, USA), 0.005 M sulfuric acid at 0.6 mLÁmin À1 and 65°C as mobile phase and refractive index detection. For analysis of volatile metabolites, headspace GC systems (Agilent) were used. Culture samples were diluted in the same volume of 6 M NaCl solution in closed vials and incubated for 30 min at 90°C before injection of headspace volume into the chromatographic system. Volatile metabolites were quantified employing an instrument equipped with an Optima Delta-3 column (60 m 9 0.32 mm 9 0.35 lm; Macherey-Nagel, Du¨ren, Germany) and flame ionization detection with nitrogen as mobile phase at 2 mLÁmin À1 and the following temperature program: 100°C for 2 min, heating to 180°C with 15°CÁmin
À1
, 180°C for 3.67 min. For identification, a GC system with an Optima Delta-3 column (30 m 9 0.25 mm 9 0.25 lm; Macherey-Nagel) and mass spectrometer were used with helium as mobile phase at 0.8 mLÁmin À1 and the following temperature program:
60°C for 1 min, heating to 180°C with 15°CÁmin À1 , 180°C for 3 min. The resulting mass spectra were compared with most-probable matches by the NIST library database. Data represent mean values from five independent experiments.
Bioinformatics
Protein sequences were aligned by Clustal Omega [18] and ESPript [19] (Fig. S3 ). Homology models of WT and mutant AtPDHs were constructed using the SWISS-MODEL server [20] with the 2.0 A resolution X-ray structure of EutE from Listeria monocytogenes as template [Protein Data Bank (PDB) ID: 3K9D]. Resulting structures were submitted to side-chain refinement by molecular dynamics simulation using GalaxyRefine [21, 22] . Structure comparison and calculation of root-mean-square deviation (RMSD) were performed with TM-align [23] ; and for visualization of protein structures, UCSF Chimera was used [24] . Similarity comparison of protein sequences was done with BLAST [25] .
Results
Proteome analysis
In line with the proposed TAA degradation pathway via hemiterpenes (Fig. 2) , only NAD + -dependent CoA-acylating (but not CoA-independent) prenal dehydrogenase activity could be detected in crude extracts from A. tertiaricarbonis L108 grown on TAA or 2-methyl-3-buten-2-ol. In contrast, this activity was almost absent in cells incubated on tert-butyl alcohol which is degraded via a different route [6, 26] . This indicates that expression of prenal dehydrogenase gene (s) is induced by TAA or its metabolites. Consequently, in search for the enzyme responsible for prenal oxidation, proteomes of tert-butyl alcohol-and 2-methyl-3-buten-2-ol-grown cells were analyzed (Table S1 ) resulting in the identification of a putative prenal dehydrogenase of 465 aa size which is about 20-fold up-regulated in the presence of 2-methyl-3-buten-2-ol. Subsequent cloning and heterologous expression of the corresponding gene in E. coli confirmed the assumed prenal dehydrogenase activity of the novel enzyme belonging to the family of EutE/ PduP-like dehydrogenases.
Structure comparison
To identify changes in active site architecture which might have occurred in the course of adaptation toward bulkier substrates, we compared AtPDH, the novel prenal dehydrogenase from strain L108, with those EutEs and PduPs for which structures have been elucidated (Fig. S3 ). With about 43% and 31% identical residues, respectively, AtPDH is more closely related to EutE from L. monocytogenes (LmEutE) and Geobacillus thermoglucosidasius (GtEutE) [3] than to PduPs from Lachnoclostridium phytofermentans (LpPduP) and Rhodopseudomonas palustris (RpPduP) [4, 5] . As expected, the catalytic Cys (C255 in AtPDH; experimentally confirmed by a completely inactive C255A mutant enzyme) and the Glu and His residues associated with the catalytically important proton abstraction from thiol groups of this Cys and CoA [4] are conserved. Among the amino acids forming the substrate cavity [3, 4] , no clear trend toward smaller or larger residues can be seen. Only directly ahead of the catalytic Cys, the residue size appears to correlate with substrate preference, as this position is occupied by Ile and Pro in EutE and PduP, respectively, while an Ala is found in AtPDH (Fig. S3) . Inspection of the binding site in an AtPDH homology model corroborates this assumption (Figs 3 and S4) . The model and LmEutE share nearly identical overall structures (Fig. S4A ), but it is also highly similar to the more distantly related RpPduP (Fig. S4B) . When comparing aldehyde cavities (Fig. 3AB) , the most striking difference indeed seems to be residues LmEutE I250, RpPduP P329, and AtPDH A254 in close neighborhood of the catalytic Cys. Consequently, in addition to WT AtPDH, we included A254I, A254P, and A254G mutant AtPDHs for further characterization.
Aldehyde specificity
Kinetic parameters of purified WT and mutant AtPDHs for the oxidation reaction were determined under optimal conditions (at about eight times K m of cofactors NAD + and CoA) for C2 to C6 aldehydes (Table 1) Fig. 4 ).
In particular, the high selectivity for valeraldehyde is significantly reduced in the A254I variant due to a five times lower catalytic efficiency for this aldehyde and, concomitantly, a nearly fourfold increased value for acetaldehyde. Consequently, while WT k cat /K m for the linear C5 aldehyde is found to be about 110-fold higher than for acetaldehyde, this ratio decreased to a value of only six in the A254I enzyme. A similar but less pronounced trend was obtained for valeraldehyde versus propionaldehyde (reduction from WT k cat /K m ratio of about 20 to 4). By contrast, WT specificity is much better conserved in the A254P variant, as the k cat /K m ratio of valeraldehyde to acetaldehyde and butyraldehyde is nearly unchanged and the corresponding value for propionaldehyde is only twofold reduced (Table 1) . However, with both A254P and A254I mutants, prenal oxidation efficiency falls off substantially to about seven and 50 times lower values, respectively, than obtained for WT AtPDH (Fig. 4A) . Besides AtPDH A254I and A254P, also the A254G variant has been tested improving neither oxidation of C5 nor C6 aldehydes. In particular, the catalytic efficiency for prenal is about 20-fold reduced compared to , aldehyde substrates are accommodated along the axis (dotted line) spanning from the thiol of the catalytic C255 to the ring of F249 (numbering as in AtPDH). Generally, homologous residues which are larger in one of the structures, e.g., AtPDH F79 and F413 compared to RpPduP L158 and A485, respectively, possess conformations not reducing cavity size significantly.
WT (Fig. 4A) . In summary, all mutations tested resulted in substantially decreased catalytic efficiency for prenal and, although the preference for valeraldehyde is less pronounced, the latter remains the favored substrate.
Acyl-CoA specificity
In order to compare the kinetics of aldehyde oxidation with the likewise catalyzed reverse reaction, the reduction of C2 to C6 acyl-CoA esters was also analyzed with purified WT AtPDH under optimal conditions (at about three times K m of cofactor NADH; Table 2 ). With the exception of acetyl-CoA, V max values for acylCoAs are about 3-6 times lower than the ones obtained for the corresponding forward reaction (Table 1) . However, as the affinity for the acyl-CoAs is generally higher than for the aldehydes, the catalytic efficiency for C3 to C5 substrates is in the same range as for the oxidation reaction, and with a k cat /K m of about 40 mM
À1
Ás
À1 for valeryl-CoA again the linear C5 substrate is most efficiently converted. In contrast, when comparing oxidation and reduction of C2 and C6 substrates, the latter reaction turned out to be about 10 times more efficient. This is mainly due to the substantially lower K m values obtained for acetyl-CoA and caproyl-CoA than determined for acetaldehyde and caproic aldehyde. Consequently, the enzyme's preference for reduction of C4 and C5 substrates is not as pronounced as observed for the forward reaction, e.g., for valeryl-CoA the conversion is only about 8 times more efficient than for acetyl-CoA.
In vivo production of 1-pentanol
For testing whether AtPDH could successfully compete with endogenous enzymes for valeryl-CoA in a host system, and thus, might be of use for constructing an efficient 1-pentanol synthesis pathway, the E. coli strain heterologously expressing the WT enzyme was incubated with 4800 lM valeric acid as precursor for the linear C5 aldehyde and alcohol. In this in vivo experiment, neither valeraldehyde was formed extracellularly (detection limit ≥ 0.1 lM) nor were significant amounts of the parental carboxylic acid degraded (considering an accuracy of 4800 AE 100 lM for determination by HPLC). Nevertheless, within 45 h after induction of heterologous expression, about 10 lM of 1-pentanol was produced in the presence of valeric acid (Fig. 5) . In contrast, without precursor supplementation or without bearing the expression vector with the AtPDH gene, E. coli cells were not able to form 1-pentanol. However, small amounts of the latter were also produced by transformed cultures when incubated with valeric acid but without inducer AHT (Fig. 5A ), indicating that a weak expression of the prenal dehydrogenase occurred under these conditions due to the somewhat leaky P tet promoter possessing the tetO-binding site for the repressor TetR [27] .
Discussion
Looking for the enzymes involved in the TAA degradation pathway of A. tertiaricarbonis L108, we discovered a novel CoA-acylating aldehyde dehydrogenase catalyzing the reversible oxidation of prenal to 3-methylcrotonyl-CoA. Besides this branched C5 aldehyde respective acyl residue, various linear C2 to C6 substrates can be used by AtPDH. Among the aldehydes and acyl-CoA esters tested, conversion of valeraldehyde and valeryl-CoA is most favored. In contrast, C2 and C3 compounds turned out to be very poor substrates. This unique substrate specificity of AtPDH is considerably determined by the active site residue A254 directly ahead of the catalytic C255, as the corresponding A254I mutant enzyme shows a significantly reduced catalytic efficiency for valeraldehyde. In comparison, a replacement with Pro did not have such an effect but WT substrate specificity is better conserved. However, both mutations resulted in decreased k cat values for most substrates, indicating that a mutation of A254 seriously affects enzyme activity. In line with this, the specificity for larger substrates could not be improved by the A254G mutation. Although resulting in an expansion of the substrate-binding site, the replacement by Gly on principle provides also higher flexibility [28] and, thus, may induce conformational changes unfavorable for catalysis. As valeraldehyde remains to be the favored substrate of all mutant enzymes, other determinants of substrate specificity likely exist, e.g., other active site residues as indicated in Fig. 3AB . However, at least for prenal oxidation, the Ala at position 254 seems to be crucial, as the catalytic efficiency of all mutant enzymes for this branched substrate is most severely affected. When scrutinizing the A254I mutation, this is quite obvious when comparing binding sites of the different AtPDH homology models (Fig. 4B) , as this residue likely impairs a catalytically competent orientation of branched aldehydes. In contrast, the A254P mutation does not reduce the size of the substrate cavity substantially but the constructed models indicate that it may cause conformational changes of more distant active site residues (e.g., V256 and M411) unfavorable for substrate binding. Hence, the A254 seems to be characteristic for the prenal dehydrogenase and it is also conserved in the corresponding sequence from M. petroleiphilum (GenBank ID: ABM97272.1; 98% identity with AtPDH) as well as in about 35 other putative prenal dehydrogenases (Fig. S6) . As already suggested by [3] , a branched chain amino acid (Ile, Leu, Val) at the corresponding position in other EutE/ PduP-like enzymes as well as in the homologous domains of AdhE indicates a preference for acetaldehyde, while a Pro is characteristic for propionaldehyde [4, 5] and butyraldehyde [29] dehydrogenases (Table S2) .
On the basis of the few studies available on CoAacylating aldehyde dehydrogenases providing k cat and K m values for different aldehydes and/or acyl-CoAs, we have calculated catalytic efficiency ratios in order to compare specificities for linear C2 to C6 substrates (Fig. 6 ). Among these enzymes, WT and A254P AtPDHs are unique due to their high specificity for oxidation of butyraldehyde and valeraldehyde which is about 40 and 100 times more efficient, respectively, than for the C2 aldehyde (Fig. 6A) . In contrast, the characterized PduPs from L. phytofermentans and R. palustris [4, 5] do not show such a high preference but k cat /K m values for C3 to C6 aldehydes are only around 10-fold higher than for acetaldehyde, and oxidation of the latter and propionaldehyde is catalyzed by A254I AtPDH at quite similar efficiencies. Interestingly, some representatives of another group of aldehyde dehydrogenases not related to the EutE/PduPlike enzymes but catalyzing the same reaction (EC 1.2. 1.10) have been likewise characterized (Fig. 6) . In particular, kinetic parameters of acetaldehyde dehydrogenase BphJ from Paraburkholderia xenovorans LB400 have been determined for various aldehydes using WT as well as an I195A BphJ [30, 31] . The latter position is in close neighborhood to the catalytic C131 in the BphJ structure and might play a similar role as the residue 254 in AtPDH for governing substrate chain length specificity [31] . In support of this, with I195A BphJ specificity changed in favor of C4 and C5 substrates, e.g., butyraldehyde to acetaldehyde, k cat /K m ratio is about 20 corresponding to a WT value of 0.4 (Fig. 6A) .
Although only a few datasets for other aldehyde dehydrogenases are published, remarkably lower substrate specificity is indicative for the reverse reaction (Fig. 6B) . EutE/PduP-like enzymes with an Ala or Pro at position 254 prefer valeryl-or butyryl-CoA over acetyl-CoA by a factor of maximally 10-15. Obviously, specificity for acyl residues is substantially weakened by the enzyme's interaction with the much larger CoA moiety, as visible in the RpPduP structure (PDB ID: 5JFN). As a consequence, WT dehydrogenases with higher selectivity for C4 or larger acyl residues for use in biofuel production may not exist and, for the same reasons, constructing tailor-made enzymes appears to be challenging. In this connection, the recently proposed revision of the reaction mechanism now including a rotamer change of the catalytic Cys [5] has to be considered. In this modified reaction scheme, the acyl residue is not only accommodated in the large substrate cavity (Fig. 3AB ) but is also temporarily orientated in the opposite direction when bound to the catalytic Cys. Consequently, other residues not yet considered to interact with the substrate may influence specificity. Thus far, however, the rotamer change has only been studied with the rather small propionyl group [5] . It remains to be demonstrated whether a similar conformation can also be captured for larger acyl moieties. Our in vivo experiment indicates that at least AtPDH could compete with endogenous E. coli enzymes for the valeryl-CoA formed intracellularly from valeric acid added to the culture medium. The resulting valeraldehyde could not be detected extracellularly but is readily reduced to 1-pentanol by the various enzymes functioning in E. coli for detoxification of aldehydes (Fig. 5B ) [32] . Unfortunately, due to very low valeric acid uptake rates of E. coli [33] , the stoichiometry of this synthesis route could not be determined. In the future, selectivity for C5 substrates of wild-type or a mutant prenal dehydrogenase with improved kinetic properties should be tested in a microbial system optimized for synthesis of valeryl-CoA, such as the previously described E. coli strains equipped with modular pathways for 1-pentanol production [10] . Values in the graph represent ratios of k cat /K m obtained for C3 to C6 substrates (propionaldehyde, butyraldehyde, valeraldehyde, and caproic aldehyde, respectively, as well as the corresponding acyl-CoA esters) to k cat /K m for C2 (acetaldehyde respective acetyl-CoA). Circles and triangles indicate data calculated from kinetic parameters of AtPDH investigated in this study (WT and mutant variants from strain L108) and other EutE/PduP-like enzymes, respectively, whereas square symbols represent k cat /K m ratios for BphJ-like dehydrogenases not related to the former group but catalyzing the same reaction (EC 1.2.1.10). Color code refers to the amino acid residue identified to be in close neighborhood to the catalytic Cys (e.g., A254 in WT AtPDH and I195 in WT acetaldehyde dehydrogenase BphJ from Paraburkholderia xenovorans LB400). All enzymes, references for the corresponding kinetic studies and the calculated data are listed in Table S2 and S3.
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